Objective: To describe a model for the investigation of different phases of wound healing that are involved in the process resulting in osseointegration.
The healing of oral implants (made of c.p. titanium) into the jawbone is based on osseointegration or 'functional ankylosis' as described by Brånemark et al. (1969) and Schroeder et al. (1976) . This principle originally called for healing periods of several months and was aimed at the establishment of a direct boneto-implant contact that, according to definition, must be documented by means of histology. The prerequisites for osseointegration included (1) infliction of minimal trauma during surgery, (2) establishment of primary implant stability and (3) avoidance of infection and micromotion during healing.
Recently, shorter healing periods were advocated for some implant systems, thus allowing shorter rehabilitation periods for the patient (Cochran et al. 2002) . It has even been suggested that immediate loading of endosseous implants may be a realistic treatment alternative in various jawbone regions (Glauser et al. 2001) .
Installation of implants in the alveolar process elicits a sequence of healing events including necrosis and subsequent resorption of traumatized bone around the titanium body concomitant with new bone formation. While the implant displays initial mechanical stability due to contact and friction between the implant surface and the severed bone, the long-term maintenance of implant stability calls for a biologic attachment between the foreign body and the surrounding tissue.
However, short-term clinical studies provided some evidence that immediate loading of installed implants may, indeed, be successful (Glauser et al. 2001 ). Limited information is available on the predictability of practising such treatment protocols. It is, therefore, of utmost importance to identify the biological sequences of healing during the early phases of tissue integration when the primary mechanical stability of the implant has to be substituted with stability obtained through biological means.
The objective of the present report was to describe a novel model to investigate different phases of wound healing that are involved in the process that results in osseointegration.
Material and methods

The device
The implants used for the study of early healing had a geometry that corresponded to that of the solid screw implant of the ITI s Dental Implant System (Institute Straumann AG, Waldenburg, Switzerland). The device was made from c.p. titanium (grade IV) and had an outer diameter of 4.1 mm. The intraosseous part of the implant was 10 mm in length and was configured with a turned or SLA-surface topography. In the current report the data presentation will be restricted to implants with the SLA surface.
As for the original ITIs Dental Implant System, the distance between the pitch of the thread was 1.25 mm. However, with the exception of the marginal 1-mm area, a 0.40-mm deep U-shaped circumferential trough had been prepared within the thread region (intraosseous portion), but leaving the tip of each pitch untouched (Fig. 1) . Hereby, a secluded area, an experimental wound chamber, was created following implant installation.
In a longitudinal cross-section of the experimental device (Fig. 2) , various landmarks of the chamber were identified: (a) the two pitches that constituted the outer delineation of the chamber and (b) the inner U-shaped walls.
Following implant installation the pitches engaged the hard tissue walls of the cylindrical canal prepared in the jawbone and provided primary mechanical stability of the device. The inner portion of the chamber thus established a geometrically well-defined wound compartment.
Experimental animals
The study protocol was approved by the regional Ethics Committee for Animal Research, Gothenburg, Sweden. Twenty Labrador dogs were included in the experiment. All mandibular premolars were extracted. After a healing period of 3 months, the staggered implant installation procedure outlined in Table 1 was initiated. Thus, buccal and lingual soft tissue flaps were elevated and four of the devices were placed in the right side of the mandible (R1, R2, R3 and R4) in all 20 dogs (Fig. 3) .
The bone tissue at the experimental sites was prepared for implant installation according to directions given in the manual of the implant system. A nonsubmerged implant installation technique was used and the mucosal tissues were secured to the inverse conical, polished marginal portion of the device with interrupted sutures. The sutures were removed after 2 weeks, and a plaque control program including daily cleaning of the remaining teeth and the implants was initiated.
Implant installation was subsequently performed in the left side of the mandible (L1, L2, L3 and L4) according to the schedule outlined in Table 1 .
The animals were sacrificed and biopsies were obtained at various intervals to provide healing periods extending from Day 0 (2 h) to 12 weeks (Table 1) . At each biopsy interval, the animals were sacrificed with an overdose of sodium-Pentothal s and perfused through the carotid arteries by a fixative (Karnovsky 1965) . The mandibles were removed and placed in the fixative. The implant sites were dissected using a diamond saw (Exakt s , Kulzer, Germany) and processed for histological analysis.
Histological preparation and analysis
Decalcified sections
Two of the implant sites in each quadrant were prepared using a modification of the 'fracture technique' described by Berglundh et al. (1991 Berglundh et al. ( , 1994 . Before the tissue was fully decalcified, incisions were made parallel with the long axis of the implants and at the mesial and distal aspects of the biopsies. Buccal and lingual portions of the peri-implant tissues were carefully dissected and one mesio-buccal, one mesio-lingual, one disto-buccal and one disto-lingual unit prepared. Decalcification was completed in EDTA and dehydration performed in serial steps of ethanol concentrations. Secondary fixation in OsO 4 of the tissue samples was carried out and the units were finally embedded in EPON s (Schroeder 1969) . Sections were produced from each tissue unit with the microtome set at 3 mm. The sections were stained in PAS and toluidine blue (Schroeder 1969) . From each tissue unit, six selected sections representing the entire circumference (mesio-buccal, mesio-lingual, disto-buccal, disto-lingual) of the implant were exposed to histological examination.
Nondecalcified sections
In the remaining four sites of each animal, ground sections were prepared according to methods described by Donath & Breuner (1982) . The blocks were cut in a buccolingual plane using a cutting-grinding unit (Exakt s , Apparatebau, Norderstedt, Germany). From each implant site, two central sections were obtained and further reduced to a final thickness of about 20 mm by microgrinding and polishing using a microgrinding unit (Exakt s , Apparatebau, Norderstedt, Germany). The remaining mesial and distal portions were cut in a perpendicular (mesial-distal) direction and two central sections were prepared from each unit. The sections were stained in toluidine blue.
Histological analysis
The histological examination was performed in a Leitz DM-RBE s microscope (Leica, Heidelberg, Germany) equipped with an image system (Q-500 MC s ; Leica, Heidelberg, Germany). Digital micrographs were obtained using a digital camera (DC 200; Leica, Heidelberg, Germany) connected to the microscope.
Results
Healing was uneventful following device installation in all 20 dogs and for all 160 implant sites. No implant exhibited clinical mobility. Further, the mucosa exhibited only minor signs of inflammation during the first few weeks of healing, and no infection arose during the observation intervals at any implant site. soft and hard tissues from a biopsy sampled 2 h after the end of surgical installation. The peripheral portions of the pitches of the thread were in close contact with the surrounding bone tissue, and thus hereby mechanical stability for the implant during the initial phase of wound healing was provided ( Fig. 4b ; arrows). The experimental chamber units of the device were occupied with a coagulum. In decalcified sections ( Fig. 4c) , the various cells within this coagulum could be identified. Thus, large numbers of erythrocytes, as well as some neutrophils and macrophages, occurred within a network of fibrin (Fig. 4d ).
Day 4
Fig. 5a (ground section) illustrates a device with the soft and hard tissues that were present in a biopsy obtained from the 4-day interval of healing. Within the experimental chamber units, the coagulum had apparently been replaced with a tissue (Fig. 5b ) that was characterized by the occurrence of a multitude of 'fibroblastlike' cells (mesenchymal cells) which surrounded vascular structures ( Fig. 6a,b ). In the newly formed tissue immediately lateral to the titanium surface, the densely packed cells resided in a stroma of fibrinlike structures. In this area of the chamber, only few inflammatory cells could be seen (Fig. 6b) , while in more central portions of the chamber region several inflammatory cells occurred around vascular structures in the newly formed soft tissue (Fig. 7 ). Osteoclasts were found on the cut bone surface.
week
In biopsies obtained after 1 week, the chambers of the experimental device appeared to be occupied with a provisional matrix, part of which contained areas of newly formed woven bone ( Fig. 8 ; ground section) The provisional matrix was rich in collagen fibrils and sprouting vascular structures surrounded by scattered inflammatory cells. Areas of a newly formed bone could be observed around most of the vascular units ( Fig. 9a,b ; decalcified section). Portions of the newly formed bone also appeared to be in direct contact with the SLA surface. The trabeculae of woven bone were lined with osteoblasts; and osteocytes were found within the newly formed bone tissue.
weeks
After 2 weeks of wound healing, new bone formation appeared to be intense in all compartments surrounding the device ( Fig. 10 ; ground section). Large areas of woven bone were also present in the bone marrow regions 'apical' to the implant. The newly formed bone extended from the surface of the parent bone into the chamber (Fig. 11 ). This newly formed bone was seen to occupy almost all surface regions of the device (Fig. 12) .
The bone tissue next to the implant wall was lined with osteoblasts that were facing a provisional matrix that was rich in vascular units, spindle-shaped cells, few leukocytes and collagen fibrils (Fig. 13a-c) .
In the center of the chamber, the connective tissue was characterized by the a b presence of large amounts of vascular structures, many of which presented with a wide lumen. Spindle-shaped cells and collagen fibrils with a haphazard orientation surrounded the vasculature (Fig. 13c) . The trabeculae of woven bone were lined by bone-forming cells (osteoblasts) indicating that, in most areas of the experimental chamber, bone formation was in progress.
In some pitch regions of the device, i.e. in areas that were responsible for primary mechanical stability, the bone tissue exhibited signs of ongoing bone remodeling, resorption and apposition. Note the areas of new bone formation lateral to the 'pitch' regions in Fig. 14  (ground section) .
After 4 weeks following device installation (Fig. 15a-c) , wound healing continued to be characterized by the marked formation of new bone. This newly formed mineralized tissue extended from the cut bone surface into the chamber, but projected also along the SLA surface of the chamber. The central portion of the experimental chamber was filled with a primary spongiosa that was rich in vascular structures and various morphotypes of fibroblast-like cells. The newly formed bone included woven bone often combined with both parallel-fibered and lamellar bone. In the pitch regions, the bone remodeling appeared to be intense.
6, 8 and 12 weeks
After 6 weeks of healing, most of the experimental chambers appeared to be filled with bone (Fig. 16a) . The tissue that extended from the parent bone had the character of woven bone or parallel-fibered and lamellar bone. Large areas of this newly formed bone were characterized by the occurrence of primary and secondary osteons, and such mineralized tissues were also in close contact with the implant surface. After 8 and 12 weeks (Fig. 16b,  c) , marked signs of remodeling could be seen in the bone tissue occupying the experimental chamber. This hard tissue was surrounded by a bone marrow containing adipocytes, vessels, collagen fibers and some mononuclear leukocytes. 
Discussion
The experimental chamber used in the current model experiment appeared to be conducive for the study of early phases of bone formation. The ground sections provided an overview of the various phases of soft and hard tissue formation, while the decalcified, thin sections enabled a more detailed study of events involved in bone tissue modeling and remodeling.
The initially empty wound chamber became occupied with a coagulum and a granulation tissue that, within a few days, was replaced by a provisional matrix: connective tissue including large numbers of mesenchymal cells embedded in a fibrous matrix (Cardaropoli et al. 2003) . The process of bone formation started already during the first week of wound healing. The newly formed bone present at the lateral border of the cut bony bed appeared to be continuous with the parent bone (appositional bone formation or distance osteogenesis; Davies 1998), but woven bone was also found on the SLA surface at a distance from the parent bone of the implant site (contact osteogenesis; Davies 1998). This primary bone spongiosa or 'primary spongework' (Schenk 1994) that included trabeculae of woven bone was, during the subsequent weeks, replaced with more mature bone tissue, i.e. parallelfibered and/or lamellar bone and marrow.
In some respect, the observations of the current experimental model were in agreement with the findings reported by Sennerby et al. (1993) , who studied 'early tissue response to titanium implants inserted in rabbit bone'. a b Thus, these authors concluded that the insertion of titanium implants into the rabbit tibia within the first 3 days induced migration of mesenchymal cells into the defect and that the first signs of hard tissue formation could be seen after 1 week. The authors further stated that immature woven bone started to fill the threads from the seventh day and this bone was remodeled to lamellar bone. This process was completed 6 weeks to 3 months after the insertion of the implants. However, in variance with the results of the present study, the authors failed to demonstrate the occurrence of an early direct bone formation on the implant surface. The reason for this discrepancy may be explained by the fact that, while in the current experiment the device was designed with a rough SLA surface, the implants used by Sennerby et al. (1993) had a turned or machined surface. The significance of implant microtopography in optimizing osseointegration was discussed by e.g. Wennerberg et al. (1995) , Cochran et al. (1998) , Davies (1998) and Abrahamsson et al. (2001) . They concluded that a roughened in comparison to a turned surface will enhance 'osteoconduction' and consequently improve the implant integration.
The patterns of bone formation observed in the current model are also consistent with previous descriptions of bone modeling and remodeling in bone defects of varying locations and dimensions, e.g. extraction sockets (Amler 1969 , Cardaropoli et al. 2003 , furcation defects (Araù jo et al. 1997 (Araù jo et al. , 1998 , in membrane-protected bone augmentation , Häm-merle et al. 1996 or in defects in the alveolar bone (e.g. Schenk et al. 1994 , Botticelli et al. 2003a . In comparing such studies, it should be realized, however, that the size and configuration of the wound, the defect, to undergo bone modeling and remodeling will influence the rate of completion of the healing process (Lang et al. 1994) . The advantage of the model used in the present investigation is its close resemblance to the clinical situation, i.e. when a screw-shaped implant is installed in an edentulous ridge. Therefore, based on the current data, there are reasons to assume that the formation of mineralized bone occurs very early on and adjacent to the implant following its installation. To what extent the surface configuration and geometry of the implant influence wound healing that results in bone formation can easily be studied in the standardized chambers of the device used in the present model. Furthermore, the model appears conducive for the study of the influence on bone formation of e.g. occlusal forces leading to micromotion as a sequellae of immediate and early loading.
During the surgical site preparation in the current model, the cylindrical bed in the alveolar bone was finally tapped using a standard device of the ITI s Dental Implant System. As a result, only light torque forces were required during installation of the device. Hence, it can be assumed that only a minimal pressure was exerted to the lateral bony walls of the implant bed at the pitch region. Between the 1-and 4-week interval of wound healing, the bone tissue immediately lateral to the pitch region, responsible for primary mechanical stability of the device, became resorbed in discrete areas (Fig. 14) and replaced with newly formed viable bone. Despite this temporary loss of hard tissue contact, the implants remained clinically stable at all times. This, in turn, means that already during the first weeks of healing, the mechanical anchorage of the implant in the current model must have been replaced with a biological attachment including de novo formation of a primary spongework (Schenk 1994 ) that included the establishment of woven bone on the surface of the titanium device. It was evident that during later phases of healing, remodeling occurred that improved the quality of the hard tissue attachment both with respect to its mechanical and metabolic properties (Schenk 1994) .
The current findings indicate clearly that osseointegration represents a dynamic process both during its establishment and its maintenance. In the establishment phase, there is a delicate interplay between bone resorption in contact regions between the a b c titanium body and mineralized bone, and bone formation in 'contact-free' areas. During the maintenance phase, osseointegration is secured through continuous remodeling and adaptation to function (Wolff 1892) . It can be argued that the establishment phase of osseointegration is relatively short for an implant that, following installation, yields a large contact-free surface compared to an implant with a large contact surface. Obviously, the magnitude of the press-fit and the resulting bone necrosis may also influence the rate of osseointegration. 
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Résumé
Objetivo: Describir un modelo para la investigació n de las diferentes fases de cicatrizació n ó sea que están involucrados en el proceso que resulta en la osteointegració n. Material y métodos: Los implantes usados para el estudio de cicatrizació n temprana tenían una geometría que se correspondía con la de un implante con configuració n de tornillo macizo con una superficie SLA. Se preparó una circunferencia completa dentro de la regió n de la rosca (porció n intraó sea) que estableció un compartimiento de herida geométrica-mente bien definido. 20 perros Labrador recibieron 160 dispositivos experimentales para permitir la evaluació n de la cicatrizació n entre 2 horas y 12 semanas. Se prepararon secciones base y descalcificadas de diferentes lugares de implantes. Resultados: La cámara experimental usada pareció ser conductiva para el estudio de las fases tempranas de la formació n ó sea. Las secciones base suministraron una perspectiva de las varias fases de la formació n de tejido blando y duro, mientras que las secciones delgadas, descalcificadas permitieron un estudio mas detallado de los eventos involucrados en el modelaje y remodelaje del tejido ó seo. La cámara de la herida inicialmente vacía se ocupó con un coagulo y un tejido de granulació n que fue sustituido por una matriz provisional. El proceso de formació n de hueso comenzó ya durante la primera semana. El hueso neoformado presente en el borde lateral del corte del lecho ó seo pareció ser continuo con el hueso matriz, pero también se encontró hueso inmaduro en la superficie SLA a distancia del hueso matriz. Este hueso primario que incluyó trabéculas de hueso inmaduro fue sustituido por hueso de fibras paralelas y/o lamelar y medula. Entre una y dos semanas, el tejido ó seo inmediatamente lateral a la zona basal, responsable de la estabilidad mecánica primaria del dispositivo, fue reabsorbida y reemplazada con hueso neoformado viable. A pesar de esta pérdida temporal de contacto con tejido duro, los implantes permanecieron clínicamente estables todo el tiempo. Conclusió n: La osteointegració n representa un proceso dinámico durante su establecimiento y su mantenimiento. En la fase de establecimiento, existe una delicada interacció n entre reabsorció n ó sea en las regiones de contacto (entre el cuerpo de titanio y el hueso mineralizado) y la formació n ó sea en la áreas ''libres de contacto''. Durante la fase de mantenimiento, la osteointegració n esta asegurada a través de remodelado continuo y adaptació n a la funció n. 
Resumen
Este estudio se llevó a cabo para comparar la exactitud de la determinació n del contorno mandibular y la posició n del canal mandibular en mandíbu-las de cadáver por medio del método de reconstrucció n multiplanar (MPR-CT), que recientemente se ha convertido de uso extendido para exámenes preoperatorios, con aquellas técnicas tomográ ficas y para evaluar la utilidad de MPR-CT. Se escanearon un total de 6 lugares en la regió n molar de 3 mandíbulas de cadáver usando tres sistemas de imágenes, i.e. escáner Quantum CT, Scanora y OP-100. Las imágenes obtenidas se midieron dos veces cada una por 4 radió logos. Las estructuras anató micas medidas fueron altura y grosor de la mandíbula, distancia de la cresta alveolar al canal mandibular, y distancia desde el hueso cortical vestibular al canal mandibular. Tras realizar el escáner, las áreas escaneadas de las mandíbulas se cortaron en lonchas de 2 mm de grosor, y se obtuvieron imágenes radioló gicas blandas de estos cortes. Los valores de las ya mencionadas 4 estructuras anató micas obtenidas por mediciones en los radiogramas radiográ ficos usando calibres de visualizació n digital se consideraron como valores reales, los errores en la distancia desde la cresta alveolar al canal mandibular estaban dentro de 1 mm (±1 mm) en 93.7% de las mediciones por CT-directa, 89.6% de las mediciones por MPR_CT, 87.5% de las mediciones por Scanora, y el 47.9% de las mediciones por OP-100, y la exactitud de los 4 métodos se clasificaron en orden de CT-directa, MPR-CT, MPR-CT, Scanora, y OP-100.
Se observó una tendencia similar en las mediciones de otras estructuras anató micas, y se observaron diferencias estadísticamente significativas entre los métodos. De este modo, MPR-CT permite unas mediciones mas exactas que las de las otras 2 técnicas tomográ ficas, y ser ú til como examen preoperatorio para cirugía de implantes.
